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Abstract 
In this paper, we have predicted the stabilities of several two-dimensional phases of silicon nitride, which we 
name as -phase, -phase, and -phase, respectively. Both - and -phases has formula Si2N2, and are 
consisted of two similar layer of buckled SiN sheet. Similarly, -phase is consisted of two puckered SiN sheets. 
For these phases, the two layers are connected with Si-Si covalent bonds. Transformation between - and -
phases is difficult because of the high energy barrier. Phonon spectra of both - and -phase suggest their 
thermodynamic stabilities, because no phonon mode with imaginary frequency is present. By Contrast, -phase 
is unstable because phonon modes with imaginary frequencies are found along -Y path in the Brilliouin zone. 
Both - and -phase are semiconductor with narrow fundamental indirect band gap of 1.7eV and 1.9eV, 
respectively. As expected, only s and p orbitals in the outermost shells contribute the band structures. The pz 
orbitals have greater contribution near the Fermi level. These materials can easily exfoliate to form 2D 
structures, and may have potential electronic applications. 
 
Introduction 
The discovery of graphene [1] marked the beginning of continuous research on two-dimensional (2D) materials. 
Soon after, the family of 2D materials with honeycomb lattice that is made up of Group IV element, which is 
closely related to graphene, are under intensive. Silicene and Germanene were proposed early in 2009[2], which 
was later confirmed in experiment [3,4,5]. In 2015, 2D stanene that is made up of tin atoms are successfully 
synthesized by epitaxial growth [6]. Plumbene, 2D materials made of lead atoms, was predicted this year, and 
was found to be a topological insulator[7]. 
 
In addition to 2D materials of Group IV, pnictogen 2D materials, a family of 2D materials that is made up of 
Group V element are under intensive studies. Black phosphorus, one of allotropes of phosphorus, was 
exfoliated in 2014[8], and was found to have high mobility [9]. Another allotrope of phosphorus, a 2D material 
with honeycomb lattice was proposed in 2014[10,11], and two additional allotropes were predicted in the same 
year [12]. In 2015, we predicted the existence of nitrogene [13], and studied its electronic structure in detail in 
2016 [14]. Binary compounds of pnictogen are also under intensive studies [15,16].  
 
Despite all these studies on Group IV and Group V 2D materials, there are few studies on the 2D materials of 
binary compound between Group IV and Group V elements. Compounds have greater variety of properties 
because it contains several elements with different properties, and thus have potentially greater ease in tailoring 
and designing their properties at the atomic level to address practical need.  
 
Silicon nitride is a binary compound between Group IV and Group V elements. There are several known 
phases of three-dimensional (3D) silicon nitride, and they have the same formula Si3N4. They are called -
Si3N4, -Si3N4, and -Si3N4, c- Si3N4, etc. They have great hardness and thermal stabilities, and are extensively 
used in ceramic industry[17,18,19]. 
 
In this paper, we explore the unknown phases of 2D binary compounds that have the same formula Si2N2, or 
Si4N4, and we name them -Si2N2 and -Si2N2, and -Si4N4, respectively. Similar structures and results can be 
found in binary compound between Group IV and Group V in our recent studies [20]. - and -phase can be 
considered as the AA stacking and AB stacking of SiN monolayers, respectively. -phase is also consisted of 
two SiN monolayers, but the structure is slightly different. We find that the SiN monolayer and -Si4N4 is 
thermodynamically unstable, while both -Si2N2 and -Si2N2 are thermodynamically stable. We have 
calculated their electronic structures. 
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Figure 1. Top view and side view of (a) SiN monolayer, (b) -Si2N2 and (c)-Si2N2, and -Si4N4, respectively. The yellow and 
light blue spheres denote silicon and nitrogen atoms, respectively. 
 
Model and Calculation Details 
Our calculations are based on density functional theory (DFT), as implemented in the Vienna Ab initio 
Simulation Package (VASP) code[21]. Plane augmented wave (PAW) is used as basis, and Perdew-Burke-
Ernzerh [22] (PBE) is treated as the exchange-correlation. The systems are restricted to periodic boundary 
conditions along the sheets. Different bilayers are separated by vacua of at least 15 Å thick to eliminate the 
interlayer couplings. Ions are relaxed until the net force on each ion is less than 0.0001 eV/Å. The Brillouin 
zone is sampled by 20× 20× 1 -centered grid. Phonon dispersion calculation is performed on the VASP 
interface of Phonopy [23]. Force constants between atoms are calculated on a 4×4×1 supercell for monolayer, - 
and -phase, and 4×6×1 supercell for-phase, respectively. Reaction path is calculated climbing image nudge 
elastic band method(CINEB)[24,25,26], with 3 images being inserted between the structures of two phases. Then 
the transition state obtained by CINEB is further verified by improved dimer techniques [27,28], and the vibration 
frequencies are calculated by diagonalization of Hessian matrixes. Since the spin-orbit coupling (SOC) is 
negligibly small, as we mentioned in our previous studies [13], we do not include SOC in all our calculations.  
 
Results and Discussion 
 
Figure 2. Total energy change during the transformation from -Si2N2 to -Si2N2. The energy of -Si2N2 is set to zero. Red 
dots correspond to inserted images during CINEB calculation, and the first, third, and the last dot corresponds to -phase, 
transition state, and -phase, respectively. Blue curve is the spline interpolation. Inset: the transition states in this 
transformation. Red double-ended arrow indicates the vibration mode with imaginary frequency, which corresponds to the 
conversion path in the transition state. 
 
Structures 
For monolayer, - and-phases, the lattice constant is 2.90Å, the Si-Si bond is 2.43Å, the Si-N bond is 1.76 Å. 
The Si-Si bond, which corresponds to the interlayer distance, is obviously stretched, from the usual 2.22 Å to 
2.43 Å. The bond angle between two Si-N bonds is 110º32’28’’, and the bond angle between the Si-N bond and 
the Si-Si is 108º22’43’’. It is clear that 108º22’43’’<109º28’16’’<110º32’28’’，this slight difference is caused 
by nonequivalent hybridization on the central carbon atom that arises from the repulsion between the lone pairs 
of nitrogen. Because of the similarity between - and-phases, we expect that they are equally stable. The -
phase is slightly higher in energy than -phase, with energy difference of only 59meV for each unit cell. For -
phase, the N-N bond is 1.48Å, intralayer Si-Si bond is 2.35 Å, and the Si-N bond is 1.79 Å. The interlayer Si-
Si bond, which corresponds to the interlayer distance, is 2.42 Å. The transition between - and-phases can be 
achieved by breaking and reforming Si-N bonds, as illustrated in Figure 2. In both - and-phases, the 
nitrogen atom is bonded to three silicon atoms. In the transition state, the one of the three Si-N bond is broken. 
The nitrogen atom has imaginary frequency of 11.3THz in the transition state, and the corresponding vibration 
mode is indicated as the double-ended arrow in the inset of Figure 2. As mentioned above, the -phase is 
59meV lower in energy than the -phase for each unit cell, therefore the activation energy is different for 
forward and backward transformation; the system has to overcome 1.61eV to transform from -phase to-
phase, and 1.55eV from -phase to -phase. In other words, the conversion from -phase to-phase is 
relatively difficult due to the high activation barrier, because it involves bond-breaking.  
 
Stability 
To investigate the stability of these phases of silicon nitride, we calculated the phonon dispersion, as shown in 
Figure 3. The SiN monolayer is not stable because of the vibration modes with imaginary frequency (Figure 
3(a)). To verify the instability of SiN monolayer, we relaxed the 4×4×1 supercell, and wraps and ripples are 
formed, as shown in Figure 4. Some of the bonds are twisted and turned, some bonds are even broken or 
formed, showing clear instability. This may be caused by the dangling bonds on Si atoms.  
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Figure 3.  Phonon dispersion of (a) SiN monolayer, (b) -Si2N2, (c)-Si2N2, and -Si4N4, respectively. 
 
There are no vibration modes with imaginary frequency in the whole Brillouin zone for both - and - phase 
(Figure 3(b-c)), which suggests the stabilities of both structures. Phonon dispersion shows that both phases are 
mostly isotropic, and the wave velocities of all the acoustic modes are listed in Table 1. -Si2N2 is slightly 
more anisotropic than -Si2N2, because the differences of wave velocities are slightly greater. These velocities, 
which correspond to the rigidity, are comparable to that of graphene [29,30], a well-known 2D material with 
strong rigidity, i.e. -Si2N2,-Si2N2 are more rigid than most 2D materials.  
    
 
Figure 4. Top view (a), side view (b), and bird’s-eye view (c) of fully relaxed 4×4×1 supercell of SiN monolayer. The yellow 
and light blue spheres denote silicon and nitrogen atoms, respectively. (d) One of the vibration modes with imaginary frequency 
for -Si4N4. Green and grey spheres in (d) denote silicon and nitrogen atoms, respectively, and the arrows represent vibration 
directions. 
 
Table 1. Wave Velocities of Acoustic Modes (m/s) 
Acoustic Modes 
-Si2N2 -Si2N2 
→M →K →M →K 
ZA 1256 1249 1183 1092 
TA 6308 6384 7672 7829 
LA 13986 13917 14590 14388 
 
However, the -Si4N4 is not stable, because vibration modes with imaginary frequencies appear along -Y line 
in the Brillouin zone, as shown in Figure 3(d). The lone pairs on nitrogen atoms may be responsible for this 
instability, since, in -Si4N4, instead of pointing perpendicular to the plane, lone pairs on two neighboring 
nitrogen atoms are slightly tilted towards each other because of sp3 hybridization. Analysis of vibration modes 
with imaginary frequencies also shows evidence that the lone pairs on nitrogen atoms repel each other, since 
these vibrations point along the Y axis, as shown in Figure 4(d). 
 
Electronic Structures 
The band structure of SiN monolayer indicates that it is an insulator with small indirect band gap, as shown in 
Figure 5 (a). Red and blue lines in Figure 5 (a) correspond to different spins. Obviously, electrons in the SiN 
monolayer are spin polarized, and the sub-lattice magnetization is 1𝜇𝐵, which arises from the dangling bonds 
on Si atoms. Density of states in Figure 6(a) also confirm the spin polarization. The sharp peaks in the density 
of states near the Fermi energy corresponds to the pz orbital of both type of atoms, and there are also certain 
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contribution of s orbital. In other words, the occupied states are closely related to the dangling bonds on Si 
atoms and the lone pairs on N atoms. Charge density distribution of two bands near the Fermi energy shows 
strong sp3 character on silicon atoms, as shown in Figure 6(a). The dangling bonds on silicon atoms are mainly 
responsible for the instability of SiN monolayer. 
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Figure 5.  Band structures of (a) SiN monolayer, (b) -Si2N2 and (c)-Si2N2, respectively. Red and blue in (a) 
correspond to spin up and spin down component. Fermi energy is set to zero. Regions that correspond to 
energy from -2eV to the Fermi energy is shaded in red. 
 
On the other hand, the band structures of -Si2N2 and-Si2N2 phases are very similar to that of nitrogene, as 
shown in Figure 5 (b-c), but they have much smaller band gap. -Si2N2 and-Si2N2 have indirect band gap of 
1.73eV and 1.89eV, respectively. For both cases, the conducting band minimum (CBM) lies in M point in the 
Brillouin zone, even though the conducting band of phase in K is very close to CBM in energy. The valance 
band maximum (VBM) deviates from gamma points. 
 
From the density of states (DOS) in Figure 6, most of the states below the Fermi level comes from the nitrogen 
atoms, while greater proportion of states above the Fermi level comes from the silicon atoms. This can be 
explained in terms electronegativity. Nitrogen is more electronegative than silicon, thus the orbitals in the 
outermost shell have energies is lower in nitrogen than in silicon.  
 
There is a clear separation of s and p orbital in energy. For nitrogen, the s orbital appears almost exclusively in 
the innermost branch, even though there are some s characters near the Fermi level. In the energy windows of -
10eV to -3eV, the bands have very strong px+py character, but bands near the Fermi level are consisted of pz 
orbital almost exclusively. Charge distributions of the red shaded area in Figure 5 (b-c), with energy window of 
-2eV to 0eV with respective to the Fermi energy, also confirm the orbital composition of those states near the 
Fermi energy. Though this separation is less obvious for silicon atom, the dominance of pz orbital near the 
Fermi level is still evident. 
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Figure 6.  Density of states of (a) SiN monolayer, (b) -Si2N2 and (c)-Si2N2, respectively. For (a), the upper and lower part 
of the graph represent spin-up and spin-down component of DOS, respectively. For (b) and (c), the upper and lower part of the 
graph represent the contribution of Si atoms and N atoms, respectively. Fermi energy is set to zero.  
 
Conclusion 
Using first-principle calculation, we have studied both the crystal structure and electronic structure of 
previously unknown phases of two-dimensional silicon nitride. In addition to the three well-known phases of 
three-dimensional tri-silicon quadronitride with formula Si3N4, we have predicted the existence of - and -
phases with formula Si2N2. - and - Si2N2 are equally stable, and the conversion between them is found to be 
difficult because of high energy barrier. -phases of silicon nitride with formula Si4N4 is found to be unstable 
due to repulsion between lone pairs. Phonon dispersion indicate the stabilities of - and - Si2N2 and the 
instabilities of SiN monolayer and - Si4N4. Phonon dispersion indicates that both phases are isotropic, with -
phase being slight more anisotropic than its  counterpart. Sound velocities of the acoustic mode of both - 
and - Si2N2 show that both phases have strong rigidities that are comparable to graphene, the well-known 2D 
material with tensile strength.   
 
The band structure of SiN monolayer is spin-polarized because of the dangling bonds on silicon atoms. As two 
SiN monolayers are connected to form either - or - Si2N2, it becomes spin-degenerate. Both - and - Si2N2 
have intrinsic indirect band gap of 1.73eV and 1.89eV, respectively. The pz orbitals have major contribution to 
the density of states near the Fermi level. We expect these materials are found to be suitable for electronics in 
the future. 
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Figure 6.  (a) Charge density of the two bands near the Fermi energy for SiN monolayer. Charge density of the states for -
Si2N2 and-Si2N2 in the red shaded area of Figure 5 (b) and (c), respectively. Gray and blue joints correspond to nitrogen and 
silicon atoms, respectively.  
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